Pt colloid was synthesized by the reduction of hexachloroplatinic acid with formaldehyde in the presence of a stabilizer (a cation-exchanged polymer -perfluorosulfonate ionomer (PFSI) or Teflon) or without any stabilizers. The average size of platinum particles with a stabilizer, characterized by a transmission electron microscopy and X-ray diffraction, is in a nanometer range in comparison with the particle agglomeration without any stabilizers. Highly dispersive 40 wt. % Pt/C catalyst obtained from the PFSI-stabilized Pt colloid shows much better performance than its counterpart with Teflon as a stabilizer or without any stabilizer according to the cyclic voltammetric (CV) characterization and the single direct methanol fuel cell (DMFC) performance testing. It is strongly suggested that the proton-conducting ionomer could smooth the reaction pathway by facilitating the proton transport, while Teflon inhibit the active sites, though both of them can inhibit the particle growth. The improved fuel cell performance is attributed to the small particles and the unhindered transport of protons/-electrons ascribed to the intimate contact of Pt and proton-conducting ionomer.
The synthesis of noble metal nanoparticles is of great importance in catalysis due to the high surface area . So far, the most attractive synthesis route has still been the impregnation process due to its simplicity. However, this route is also limited by its drawbacks of large average metal particle size, broad size distribution and poor reproducibility in case of high metal loadings. In some studies [27] [28] [29] [30] [31] polymers were employed to stabilize metal colloid solutions. However, the polymer employed would block the active sites if it had been adsorbed on the catalyst surface. Furthermore, the active surface area of catalysts will decrease sharply after removing the polymers at relatively high temperature (usually above 300 °C) due to the serious agglomeration of metal particles. In addition, as fuel cell catalysts using solid acid as membranes, excellent proton/electric conductivity of catalytic materials is of the equal importance with the high dispersion of nanoparticles.
In the present paper, platinum nanoparticles are synthesized in the presence of a cation-exchanged perfluorosulfonate ionomer which is an excellent proton conductor [32] . Stabilized by proton-conducting ionomer, the Pt nanoparticles are uniformly distributed and immobilized on the surface of the carbon support. The improved proton ionic conductivity of the Pt particles stabilized by the ionomer, used as the cathode for oxygen reduction reaction (ORR), was examined by measuring the performances of a direct methanol fuel cell.
EXPERIMENTAL Catalyst preparation
All chemicals used were reagent grade. The required amount of hexachloroplatinic acid was dissolved in a solution containing deionized water and ethanol (1:1 v/v). An appropriate amount of perfluorosulfonate ionomer (the ratio of ionomer to platinum is 1 to 2 in weight) with an equivalent molecule weight of 1100 g mol -1 was added to the solution as a stabilizer.
The structure of the perfluorosulfonate ionomer is shown in Fig. 1 . The mixture was transferred into a three--neck flask and stirred for 60 min to form a homogeneous yellow solution. Then the pH of the solution was modified to 12 by using NaOH aqueous solution and then heated to 80-90 °C at a rate of 5.0 °C min -1 followed by addition of a formaldehyde aqueous solution drop by drop. After a few minutes, the color of the mixed solution changed from a clear light yellow to a semi-transparent black-brown. The mixed solution is cooled to room temperature after the required amount of formaldehyde was dropped. To prepare 40 wt. % Pt/C catalysts, the required amount of Vulcan XC-72R, suspended in ethanol, was added to the colloid. After stirred for another half an hour, the black mixture was filtered, washed and dried at 80 °C for 10 h in a vacuum oven. The obtained sample was denoted as Pt/C-I. For comparison, another two 40 wt. % Pt/C samples with polytetrafluoroethylene (PTFE) as a stabilizer and without any stabilizer, denoted as Pt/C-P and Pt/C-N, respectively, were prepared according to the same procedure mentioned above. For the sake of parallel comparison, the ratio of the PTFE to platinum was also 1 to 2 in weight. 
Physical characterization
Fourier Transform Infrared (FTIR) spectroscopy (Nicolet Avatar 370) was employed to characterize the perfluorosulfonate ionomer on metal particles in the platinum colloids and the as-prepared 40 wt. % Pt/C catalyst. The spectrometer was configured for the mid infrared range from 400 to 4000 cm -1 . The samples for FTIR measurements were prepared by spraying the appropriate amount of the samples onto the blank paper since it avoids the disturbance at the spectrum band from 1000 to 1500 nm, while the perfluorosulfonate ionomer used in the experiments was found to have characteristic signals at this band.
Transmission electron micrographs were taken with a JEOL JEM-2011 electron microscope in order to determine the average particle size and the particle size distribution of the samples. The samples for TEM measurements were prepared by dropping 10 µl of platinum colloid (diluted 5 times by ethanol) using micropipette onto a carbon-coated formvar film, supported on copper microgrids. For the supported catalysts, 5 mg of the sample was dispersed supersonically in 1.0 ml of ethanol for a few minutes to form homogeneous ink. The final step is the same as the above.
XRD analyses of all samples were performed using a Rigaku diffractometer (D/max-2400 X) with a CuKα radiation source to characterize the crystalline structure of Pt in all catalysts. The tube voltage was maintained at 40 kV, and tube current at 100 mA. The 2θ angular region between 20 and 85° was explored at a scan rate of 7° min -1 .
Electrochemical characterization
The electrochemical characterization was carried out in a standard three-electrode system with Pt wire as a counter electrode and a saturated calomel electrode (SCE) as the reference electrode. The cyclic voltammograms were recorded using the potentiostat/galvanostat (EG&G, model 273A) and the experiments were carried out at room temperature in a solution containing 0.50 M H 2 SO 4 + 0.50 M methanol. The potentials are referred to SCE. The catalytic activity of the 40 wt. % Pt/C catalyst was measured for the ORR in direct methanol fuel cell tests. The membrane electrode assembles (MEAs) were fabricated according to the method described in the literature [33] . The commercial 20-10 wt. % PtRu/C and 40 wt. % Pt/C (made in this work) were used as anode and cathode catalysts with Pt loadings of 1.5 mg cm -2 on the anode and 1.0 mg cm -2 on the cathode, respecttively. The MEA was manufactured by pressing the electrodes onto both sides of Nafion ® -115 membrane at 140 °C for 90 s and was denoted as MEA-a. Another MEA, denoted as MEA-b, was also fabricated as above, but followed by treatment in 0.50 M H 2 SO 4 and deionized water at 80 °C, respectively, for one hour.
RESULTS AND DISCUSSION
FTIR spectra of the substrate, the as-prepared Pt colloid and 40 wt. % Pt/C are shown in Fig. 2 . It can be seen that no signal was observed within the investigated wavenumber range for the substrate. However, two pronounced bands at around 1200 and 1100 cm -1 were observed for the as-prepared Pt colloid (Fig. 2b) , which should be attributed to -SO 3 groups, indicating the presence of the perfluorosulfonate ionomer [34] . The bands at the same wavenumber for 40 wt. % Pt/C catalyst (Fig. 2c) indicates that, during the synthesis procedure, the perfluorosulfonate ionomer remains on the Pt particles after the washing. So, it might be suggested that the polymer entangled around the Pt particles once the Pt particles are formed in the solution, and it adheres to the Pt particle surface during the washing procedure.
XRD patterns of Pt/C-I, Pt/C-P and Pt/C-N, shown in Fig. 3 , indicate that Pt crystallites have a typical face centered cubic (fcc) structure. In addition, it can be clearly seen that XRD patterns of the Pt/C-I and Pt/C-P samples present broadened diffraction peaks while the Pt/C-N gave very sharp and narrow diffracttion peaks, indicating larger metal particles in the latter. Although XRD measurements cannot supply the exact information on the crystallite size if it is less than 3 nm, the results of XRD measurements qualitatively show that the size of Pt particles in the absence of a polymer is much larger than that with either the perfluorosulfonate ionomer or the PTFE as a stabilizer. Typical TEM images of Pt colloids and the as-prepared Pt/C-I and Pt/C-N are shown in Fig. 4 . It can be seen that for Pt/C-I the particles with mean particle size of around 2.5 nm are well dispersed in the solution and serious aggregation of particles is not detected. In contrast, TEM image of Pt/C-N shows that the Pt particles agglomerated seriously. It should also be pointed out that even a platinum mirror was observed on the wall of the glass reactor after the reaction is completed in the case of without stabilizer.
Up to now, several particle growth mechanisms, such as autocatalytic process and cluster combination/coalescence, have been reported [35] . In our research, the TEM images clearly show that the nano-sized platinum particles consist of several or dozens of much smaller grains, which are less than 1 nm in diameter. Even the single primary grains of the size less than 1 nm were detected in the as--prepared platinum colloids. So, in the presence of the stabilizer, the particles might grow by the following mechanism (Fig. 5) . Firstly, small primary grains form in an appropriate situation simultaneously (step 1). The primary grains are highly energetic and not stable, so they are liable to aggregating to form sta- ble nano-sized particles through collision with each other (step 2). However, generated nano-sized particles become stable in the presence of a stabilizer and do not aggregate further (Fig. 5b) . On the other hand, in the absence of a stabilizer, the nano-sized particles would agglomerate further by collision with each other to form larger particles, which leads to hard-agglomeration, and could not be dispersed again by a simple ultrasonic procedure (Fig. 5a ). Cyclic voltammetry is a simple and practical method to screen the electrocatalysts. Cyclic voltammograms in the solution of 0.50 M CH 3 OH + 0.50 M H 2 SO 4 (Fig. 6) show that the peak current values for Pt/C-I, Pt/C-P and Pt/C-N are 1.78, 0.40 and 1.15 mA, respectively. It is noteworthy that the peak position of the EOR current for the Pt/C-I catalyst (around 650 mV) is 50 mV lower than that for the Pt/C-N and Pt/C-P (both around 700 mV) catalyst, suggesting a higher active surface and a higher activity of the former. It should also be pointed out that the peak current of the EOR for the Pt/C-P catalyst is much lower than that for the Pt/C-I and even lower than that for the Pt/C-N. This may indicate that the active sites of Pt for methanol electro-oxidation were inhibited seriously by employing the PTFE as the stabilizer. While for the Pt/C-I catalyst, the perfluorosulfonate ionomer played a role in stabilizing the Pt particles during the preparation process without leading to a severe block of the Pt active sites, but facilitating the proton transport during the reaction.
Step 1 The electrocatalytic activities of the Pt/C catalysts were also measured by using it as the catalyst for ORR in a homemade 20×20 mm 2 direct methanol fuel cell. To ensure the reproducibility, the anode layer used to fabricate the MEA was cut from the same larger piece. Considering the addition of sodium hydroxide during the catalyst synthesis, the H + -form perfluorosulfonate ionomer might be exchanged to Na With the current density increasing, the difference of the cell voltage among the three catalysts is prominent. For the cell with Pt/C-P as the cathode, the discharge depth is less than 300 mA cm -2 , which is much less than the cells with the Pt/C-I (400 mA cm -2 ), and even less than that with Pt/C-N (325 mA cm -2 ) as the cathode.
Above discussion indicates that the enhanced performance might be due to the good contact between Pt particles, a proton conductor (ionomer) and the support, in addition to the particle size effect. The metal particles stabilized by the perfluorosulfonate ionomer, which is an excellent proton conductor, could improve the proton-conducting ability. The unhindered transport of reactants, products and also protons and electrons lead to a functional MEA, which might enhance the cell performance. The perfluorosulfonate ionomer-stabilized Pt/C could be a potentially functional catalyst for ORR. 
CONCLUSIONS
Pt colloids using anionic polymer stabilizer was prepared and the resulting colloids were used to prepare 40 wt. % Pt/C catalyst for ORR of direct methanol fuel cells. FTIR spectra and TEM images jointly show that the stabilizer played an important protecting role during the synthesis procedure of Pt colloids. The addition of the stabilizer during the synthesis process of the Pt colloids results in the formation of ultrafine Pt nanoparticles with a narrow size distribution. The performance of a single cell with 40 wt. % Pt/C stabilized by ionomer (proton-conductor) as the cathode of a direct methanol fuel cell was improved markedly, compared to that with PTFE as stabilizer or without any stabilizer. This should be attributed to the smaller Pt particles, and especially the unhindered transport of reactants, products and also protons and electrons due to the intimate contact of Pt and ionomer.
